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CHAPTER I
INTRODUCTION
Introduction
Tornadoes are an extreme form of severe weather that has lasting effects on
communities. Specific atmospheric characteristics can be associated with tornado
formation, such as large synoptic-scale jet stream patterns and high wind speeds or small
mesoscale temperature gradients or surface wind direction. Previous studies, such as
Rasmussen (2003), were conducted to investigate how atmospheric parameters aided in
tornado formation. Tornadogenesis is a complex process and large volumes of research
have been implemented to examine the features that could lead to tornadoes. Research of
tornadoes in complex topographical regions has shown terrain-induced tornadogenesis
may have occurred. Topography varies spatially throughout the United States and could
play a role in the spatial distribution of tornadoes across the landscape. Investigation of
topography and the influence on the spatial distribution of tornadoes has not, however,
been widely researched.
A large number of tornadoes form under volatile atmospheric conditions. Weak
and short- lived tornadoes, however, may not be as dependent upon atmospheric features
and they could be influenced by local topographic features. Terrain can affect storms by
affecting surface wind speed that can lead to vertical, rotating vortices available that can
enhance the likelihood of tornadogenesis. Geospatial techniques were used to overlay
tornado touchdown and liftoff locations and paths over slope, aspect, and surface
1

roughness maps to investigate topographical influences on the spatial distribution of
tornadoes. It is the hypothesis of this thesis that slope, aspect, or terrain sloping
downward toward certain directions, and surface roughness has an influence on the
spatial distribution of tornadoes.
Literature Review
Tornado Climatology
Tornado climatology studies were implemented along with Geographic
Information Systems (GIS) to investigate certain tornado parameters, such as the spatial
and temporal analysis of tornado fatalities in the United States (Ashley 2007; Dixon et al.
2011) and daily local tornado probability in the United States (Brooks et al. 2003).
Ashley (2007) found the spatial distribution of killer tornadoes was the highest in the
southeast, likely due to higher frequency of mobile homes, forest cover and nighttime
tornadoes. Dixon et al. (2011) found that there was no statistically significant (α= 0.05)
separation between ‘Tornado Alley’ and ‘Dixie Alley’. Smith County, Mississippi has the
highest tornado path density in the nation (Dixon et al. 2011). Topography, such as the
slope, aspect and surface roughness of the terrain, could have had an effect on the high
tornado frequency in Smith County.
Tornadogenesis and Intensity
Previous research, including Bosart et al. (2004), and Peckham et al. (2004),
examined how topographical features impact tornadogenesis and intensity. Bosart et al.
(2004) investigated the Great Barrington Tornado in Massachusetts that occurred on May
29th, 1995. The tornado decreased in intensity as the storm propagated up higher terrain
then, as the track descended downhill into lower elevation, it increased in intensity to an
2

F3 tornado that killed three people in Great Barrington. The decrease in elevation into the
Hudson Valley could have aided in the increase of the intensity of the tornado. Bosart et
al. (2004), proposed that outflow of cold air channeled down the Hudson Valley and
added increased shear to the tornado as it crossed. Elevation of the land, however, could
have had an impact on the intensity of the tornado. The conservation of angular
momentum explains that a larger vortex would have a larger width and less angular
momentum and slower rotation while a smaller vortex would have a smaller width and
more angular momentum and stronger rotation, such as the Dimmett, Texas tornado on
June 2nd, 1995 (Rasmussen and Straka 2007). The Great Barrington tornado would have
increased in width and decreased rotation over higher terrain while decreased in width
and increased rotation over lower terrain due to the conservation of angular momentum.
The slope of the land along the tornado path was extremely important in the
intensification of the Great Barrington tornado.
Research on horizontal convective rolls (HCRs) by Peckham et al. (2004), led to
the detection of topographical influences. HCRs are invisible, rotating tubes of air that
could be ingested into a supercell thunderstorm to initiate rotation that could eventually
lead to tornadogenesis. Areas of sloping terrain near the center of the domain aided in the
model generation of HCRs that could have led to tornado formation (Peckham et al.
2004). Consequently, the work of Bosart et al. (2004) and Peckham et al. (2004) led to
more questions on the possibility that the terrain could have influenced the initiation and
spatial distribution of tornadoes.
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Tornadogenesis and Spatial Tornado Distribution
Research was implemented to investigate possible topographical influences on
terrain-induced tornadogenesis and spatial tornado distribution. Szoke et al. (2006)
investigated the influence that the Denver Cyclone had on nonsupercell tornado
formation. The Denver Cyclone, an area of converging winds east of the city of Denver,
Colorado, was found to form due to the downsloping of southerly wind flow over the
Palmer Divide and the obstructed southwest flow along the Front Range. The topography
created vertical vortices that could be ingested into developing thunderstorms and
produce weak tornadoes, or landspouts, in rather calm atmospheric conditions (Szoke et
al. 2006).
Coleman (2009) theorized that areas with smaller roughness length, such as water,
near areas of larger roughness length, such as wooded terrain, could create areas of
enhanced positive and negative vertical vorticity. Coleman also theorized that wind
channeling in valleys of higher terrain could create areas of positive and negative vertical
vorticity. The areas of positive vertical vorticity could aid in tornadogenesis. A case study
of the tornado near Guntersville, Alabama on February 6th, 2008 indicated that
tornadogenesis occurred on the northwest side of Lake Guntersville and weakened on the
southeast side of the lake. Coleman proposed that the south-southwesterly flow, which
was found to be higher over the lake surface, caused an area of positive vertical vorticity
on the northwest side of the river that led to tornadogenesis and the negative vertical
vorticity caused an eventual weakening. Likewise, radar analysis led to the discovery that
the increased terrain-channeled flow of mountains to the southeast likely led to the
Lacey’s Spring, Alabama tornado on April 2nd, 2009 (Coleman 2009).
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Schneider (2009) investigated three tornadoes in the Great Tennessee Valley and
proposed that topography could have aided in tornadogenesis in different ways: the
orientation of the river valleys could have increased storm-relative helicity, elevation
changes could have stretched vertical vorticity and increased rotation, upslope flow could
have increased storm updraft and mesocyclone intensity, and mountain boundaries could
have aided in favorable conditions for tornadogenesis on the northern side. The tornadoes
in Tazewell, Tennessee on April 26th, 2007, Big Stone Gap, Virginia on March 4th,
2008, and Kimball, Tennessee on November 14th, 2007 were found to have produced
tornadoes likely due to the proposed topographical influences (Schneider 2009).
Similar relationships have been found in other parts of the country. Topography
of the mountains near Salt Lake City, Utah may have caused outflow to flow down the
terrain and interact with the severe storm that eventually produced a tornado on August
11th, 1999 (Dunn and Vasiloff 2001). Research of a tornado in southwest Colorado on
July 12th, 1996 led the author to propose that cold pools channeled upslope would likely
not outrun an intensifying storms updraft and would not inhibit thunderstorm
intensification and eventual tornado development (Bluestein 2000). Passe-Smith (2008)
found that rapid changes in elevation, slope, and surface roughness were in close
proximity to high-density areas of tornadoes. Passe-Smith (2006) demonstrated that
tornadoes occurred near sloped terrain and many river valleys were oriented
perpendicular to the direction of propagation of the tornadic storms and could enhance
local shear and development of horizontal convective rolls. Andretta et al. (2006)
discovered that of the 88 tornadoes that occurred in eastern Idaho from 1954 to 2003, a
large number occurred near the Snake River Plain.

5

Research Question and Hypothesis
Spatial tornado distribution and topographical influences on tornadogenesis and
intensity have been implemented by previous research. However, does topography play a
role on the spatial tornado distribution in the United States? Based on the previous
literature on horizontal convective rolls and angular momentum, it is expected that
tornado intensity increases in topographically flat areas and where there are sharp
boundaries in surface roughness. It is the hypothesis of this thesis that slope, aspect, and
surface roughness has an influence on the spatial distribution of tornadoes.
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CHAPTER II
METHODS
Data
Tornado Data
Tornado data were acquired from the Storm Prediction Center (SPC) tornado
database. The SPC tornado database does have some validity issues as the Fujita scale
was introduced in 1973 and updated in 2007 to the Enhanced Fujita Scale. Tornadoes that
occurred before 1973 were anecdotally rated according to the number of deaths. A higher
rated tornado meant more deaths occurred. There would not be as high of the same level
of accuracy with tornadoes before the Fujita scale. However, many previous studies used
the SPC tornado database, such as Ashley (2007), Brooks et al. (2003), and Dixon et al.
(2011), and were therefore deemed viable for research, even with accuracy and validity
issues present in the database.
A total of 22,833 tornado touchdowns, 7,924 paths and 7,924 liftoff points from
January 3rd, 1950 to December 31st, 2010 were utilized for geospatial analysis in the
current study area. Strong (F2/EF2–F5/EF5) and long-track (at least 40-km path length)
tornadoes were removed from the tornado database. The strong and long-track tornadoes
were caused by well-organized, synoptic-scale and mesoscale forcing of the atmosphere
while weaker and short-track tornadoes are commonly caused by weaker atmospheric
forcing that is more prone to be influenced by non-atmospheric phenomena.
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Study Area
Dixon et al. (2011) found that there is no statistically significant (α= 0.05) spatial
separation between ‘Tornado Alley’ and ‘Dixie Alley’ as tornado path density is nearly
continuous from the western Great Plains through the Great Lakes and Southeast. The
study area of this research is defined by the outer boundary of the region shown by Dixon
et al. (2011) to average 0.25 tornado days per year within 25 mi of any point (Figure 1).

Figure 1

Spatial extent of study area of 0.25 tornado days per year

Values below 0.25 tornado days per year signify a low probability of tornado
formation and were excluded from the research. The spatial extent of the study area
included varying topography, such as the Great Plains, the mountains of Arkansas and
Missouri, the Mississippi Delta alluvial floodplain, and the Appalachian foothills in
Alabama, Tennessee, and Georgia. The region has very low deviations in elevation (i.e.
mean elevation of 293 meters and standard deviation of 223 meters). The mean elevation
may differ across the study area but the deviations are consistent as the region is mostly
8

flat. There is an absence of major mountain systems in the study area, with only a small
portion including the western portion of the Appalachian Mountains.
Digital Elevation Model and Topographical Maps
A 100-m resolution digital elevation model (DEM) of the United States (Figure 2)
was obtained from United States Geological Survey to construct the slope (Figure 3),
aspect (Figure 4) and surface roughness (Figure 5) grids. The DEM had a 100-m
horizontal resolution and a vertical accuracy, on average, of ±7-m and a maximum
allowed of ±15-m, or a 1st order DEM. The vertical accuracy issues are spatially
autocorrelated across the region. Adjacent pixels would not have different vertical
accuracy errors. Therefore, the elevation of the entire region would be slightly inaccurate
compared to the actual terrain elevation values.
The use of the DEM is valid because the average vertical root-mean-square-error
(RMSE) of ±7-m falls within one-half the contour interval of the source contours of 30-m
(Goodchild and Gopal 1989). The original DEM was a 30-m resolution but was
resampled to lower, 100-m resolution. Most tornadoes at development are greater than
30-m in width and a 30-m resolution could split individual tornadoes into multiple events.
Therefore, the 100-m resolution DEM was a high enough resolution to represent smallscale topographical features and capture tornado touchdowns more accurately and was
deemed viable for research.
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Figure 2

Digital elevation model (meters) of study area

Figure 3

Slope (percent) raster grid of study area
10

Figure 4

Aspect (degrees) raster grid of study area

Figure 5

Surface roughness (amplitude) raster grid of study area
11

The 100-m digital elevation model of the United States was clipped down to the
spatial extent of the study area. The raster grids were calculated through a neighborhood
filter, using a 3 x 3 grid, where the adjacent cell values were used to calculate slope and
aspect at each cell. The slope calculation uses the default Horn’s method in which the 8
surrounding cells are used to calculate the interior cell. The pixels to the north, south, east
and west are weighted by 2 while the pixels to the NW, NE, SE, and SW are weighted by
1. Finite differencing method of these values has been better than other various methods,
especially for rough terrain (de Smith et al. 2007). According to de Smith et al. (2007),
the methods for calculating the slope are:
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∆
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∆

Slope

(3)

The third equation was listed in Burroughs and McDonnell (1998) and applied
with the first two equations to calculate slope. The two subscripts are in the x and y
directions and a negative or positive on either subscript indicates direction the calculation
cell is in relation to the center grid cell. The ∆x and ∆y represent the horizontal
resolution. The slope output represents how quickly vertical elevation changes over
horizontal distance, with higher slopes being present near steeper elevation changes over
smaller distances. The aspect calculation uses two very similar equations to the first two
from the Horn’s slope method listed in de Smith et al. (2007) and applies one additional
equation to convert from radians to degrees. According to Burroughs and McDonnell
(1998), the equations for calculating aspect are:
The third equation was listed in Burroughs and McDonnell (1998) and applied
with the first two equations to calculate slope. The two subscripts are in the x and y
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directions and a negative or positive on either subscript indicates direction the calculation
cell is in relation to the center grid cell. The ∆x and ∆y represent the horizontal
resolution. The slope output represents how quickly vertical elevation changes over
horizontal distance, with higher slopes being present near steeper elevation changes over
smaller distances. The aspect calculation uses two very similar equations to the first two
from the Horn’s slope method listed in de Smith et al. (2007) and applies one additional
equation to convert from radians to degrees. According to Burroughs and McDonnell
(1998), the equations for calculating aspect are:

Aspect

,

,

,

,

57.29578

,

,
,

,

,

atan2

,

,

(4)

,

(5)

,

(6)

Burroughs and McDonnell (1998) indicated a few stipulations were to be applied
after the aspect was calculated. If the aspect is less than 90°, then the aspect is subtracted
from 90°. If the aspect is greater than 90°, then the aspect is subtracted from 360° and
then added to 90°. The final two stipulations create an output of downward-sloping
aspect in compass directions from 0°–360°. The surface roughness raster grid was
calculated by taking the slope, using the previously mentioned Horn’s method, of the
newly-created slope raster grid (i.e., the slope of the slope equates to “roughness” or
“amplitude”). The slope, aspect, and surface roughness raster grids were created with
100-m resolution to match the resolution of the DEM. Tornado touchdowns (Figure 6),
liftoffs (Figure 7), and paths (Figure 8) were plotted and the paths were converted to
points with 100-m spacing to extract terrain information. The use of the converted 100-m
spaced points is valid because the points line up with each grid cell underneath each
tornado path. The use of 100-m spacing is justifiable because this method extracts all
13

pixel values along a tornado path while a neighborhood statistic will only summarize
general terrain information along a tornado path, such as the mean, maximum or
minimum values. After each value was extracted, the points were separate entities,
regardless of specific tornado paths, containing terrain (i.e. slope, aspect and surface
roughness) information.
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Figure 6

Tornado touchdowns and study area touchdowns, 1950–2010
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Figure 7

Tornado liftoffs and study area liftoffs, 1950–2010
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Figure 8

Tornado paths and study area paths, 1950–2010
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Methods
Slope Thresholds
Terrain-induced tornadogenesis likely occurs from sloped terrain; thus, mostly
flat-areas were excluded from the study. The 85th and 95th percentiles of the total
distribution of slope values in the study area are equivalent to actual values of 3 and 5
percent slope, respectively (3 or 5 m of vertical relief over 100 m of horizontal distance).
Only those pixels with slope values greater than or equal to three (Figure 9) and five
percent (Figure 10) are included in the analyses. The 3 and 5 percent slope values were
sufficient for the entire region because most of the region excluded were the flat alluvial
floodplain of the Mississippi River and flat areas in the prairies of the Great Plains.

Figure 9

85th percentile slope threshold of three percent slope
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Figure 10

95th percentile slope threshold of five percent slope

Statistical Analysis
The aspect map was used for calculating the area and percentages encompassed
by each 30-degree (1–30°, 31–60°…331–360°) aspect range of 100-m pixels from
tornado touchdowns and liftoffs. The relative frequency of each aspect category as a
percentage of the total study area was then calculated. The same method was used for the
extracted tornado touchdowns and liftoffs to calculate the percentages of each of the
extracted aspect categories. However, the difference in the second method was that the
relative frequency of each aspect category as a percentage of the extracted high-slope
pixels was calculated. The next step was to calculate the likelihood of tornado observance
per aspect category. The percentages of each of the aspect categories of the extracted
pixels were divided by the percentages of each of the aspect categories of the total study
area. The likelihood of tornado observance was calculated for the tornado touchdowns
and liftoffs.
19

The aspect map was also used to determine the predominant direction of slope in
the 85th and 95th percentile aspect maps. The extracted aspect data were classified into
four categories with aspects ranging from 0 to 45 degrees and 316 to 359 degrees for
north-sloping terrain, 46 to 135 degrees for east-sloping terrain, 136 to 225 degrees for
south-sloping terrain, and 226 to 315 degrees for west-sloping terrain. The total number
of pixels was calculated from the sum of the four categories of aspect and the percentages
of each of the aspect categories were calculated to determine the predominant direction of
land terrain slope in the 85th and 95th percentile aspect maps. The percentages would be
vital in determining predominant terrain slope direction and if the predominant direction
could have had an effect, such as a bias, on the output results from the scatter plots and
histograms and further statistical analyses.
Tornado Path Direction and Path-Land Angle
The tornado paths for the 85th and 95th percentile datasets were analyzed by first
calculating the tornado path direction. The tornado path angles (Figure 11) are the
calculated differences between the tornado path direction and the aspect.

20

Figure 11

Tornado path angle representation

The differences were subtracted from 360 if the difference was greater than 180
degrees, subtracted from -360 if less than -180 degrees and were multiplied by -1 if
neither stipulation of the formula was satisfied. The formula kept the values from going
over 180 degrees difference and helped to determine if the tornado was traveling uphill or
downhill. The negative values indicate the tornado path was traveling to the left of the
slope while positive values indicated the tornado was traveling to the right of the slope.
The tornado path angles were also calculated with another method. The subtracted
differences between the tornado paths and the topographical aspect were used for the
second method. The calculated differences were subtracted from 360 if the difference
was greater than or equal to 180 degrees or stayed the same if the difference was less than
180 degrees to examine if any patterns stood out. The tornado path angles with the
second method ranged from 0 to 180 degrees and only indicated tornado paths moving
21

uphill or downhill but no “left” or “right” directional component. The counts of the actual
tornado path angles were represented in a scatter plot diagram, with the y-axis indicating
tornado path angle frequency and x-axis indicating tornado path angles ranging from
negative to positive values, or left to right of the slope.
The predominant direction of tornado path propagation has been found to be from
southwest to northeast. Suckling and Ashley (2006) found that 69.3% of tornadoes in the
nation from 1980–2002 propagated to the northeast. The tornado path angle data were
utilized by first removing the path directions ranging from 0 to 90 degrees (northeasterly
paths) and using the remaining path directions and calculated tornado path angles for the
85th and 95th percentile datasets.
Normalized Frequency Bootstrapping
Bootstrapping is a common random sampling technique that is used for nonparametric testing. Non-parametric testing is conducted when a normally distributed
dataset are not present. The bootstrapping technique uses “a simple random sample, with
replacement, of the observations” (Dixon 2002). Bootstrapping creates a normally
distributed dataset that can be used for parametric statistical analyses, such as analyzing
variance about the mean. Confidence intervals (CIs), with 95% confidence, were created
to compare the lower and upper limits of one bootstrap to the median of another bootstrap
CIs. If the upper and lower limits of one bootstrap fell outside the median of another
bootstrap’s CIs, then the bootstrap was statistically significant (α= 0.05) to the other
bootstrap. Most previous research included a probability value that indicated significance
of a dataset. The use of confidence intervals in this research indicated if the lower and
upper bounds fell outside the median of another bootstrap, which indicated statistical
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significance. Bootstrapping has been a commonly used technique in the meteorological
community, such as the comparison of bootstrapped hurricane frequencies near Hawaii in
El-Niño years and non-El-Niño years. The bootstrapped frequencies indicated a
statistically significantly (α= 0.05) higher number of hurricane occurrences near Hawaii
in El-Niño years than compared to non-El-Niño years (Chu and Wang 1997).
The data used for bootstrapping were the angle between the tornado paths and
land aspect to determine if a statistical significance and possible association existed
between the topography and the tornado path direction of moving uphill, downhill or
neutral (not moving uphill or downhill) along the landscape. The tornado path angles
ranged from -180 to 180, which indicated the directional component of a tornado path.
The implementation of a frequency bootstrap indicated whether there was a statistically
significant (α= 0.05) path direction and possible association between the spatial
distribution of tornado paths and terrain of the selected study area. The comparison of the
bootstrap confidence intervals signified if a certain path angle was statistically
significantly (α= 0.05) different from the other angles.
The normalized frequency bootstraps were implemented with the 30-degree
increments of each of the twelve categories of tornado path angles for both the 85th and
95th percentile dataset and the forty-five degree increments of each of the four categories
of uphill, downhill and neutral (tornado paths to the right and left of the slope) for the
85th and 95th percentile dataset. The calculation for tornado movement based upon
tornado path angles were greater than or equal to 136 degrees and less than or equal to 136 degrees for uphill, greater than or equal to -45 degrees and less than or equal to 45
degrees for downhill, greater than or equal to 46 degrees and less than or equal to 135
degrees for neutral to the right, and greater than or equal to -135 degrees and less than or
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equal to -46 degrees for neutral to the left. The surface roughness frequency bootstrap
was used to determine if tornado paths and touchdowns were more favorable in rough
terrain or smooth, or flat, terrain. The surface roughness was separated into four
categories: 0-25th percentile, 25th-50th, 50th-75th, and 75th percentile or higher. The
four categories for the surface roughness frequency bootstraps were categorized by the
25th, 50th and 75th percentile values of the total counts of the surface roughness values
of 0.075, 0.185 and 0.397, which are unitless. The frequency bootstrap techniques
included normalizing to compare frequency categories while removing the biases of large
categories in comparing confidence intervals. The frequency bootstrapping technique on
the tornado path angle used 1000 bootstrap replicates, while the surface roughness
frequency bootstrap on the tornado paths used 250 bootstrap replicates and the frequency
bootstrap on the surface roughness values from the tornado touchdowns used 500
bootstrap replicates. The number of bootstrap replicates was reduced for the surface
roughness frequency bootstraps simply to improve efficiency for this part of the analysis.
The lowest number of tornadoes in the distribution of each of the 12 categories of
30-degree tornado path direction was 49; therefore, a random sample of 150 tornadoes
was selected to try to remove the northeast path bias and determine if a possibly
statistically significant (α= 0.05) trend was exhibited. The data were organized to select
the first 150 by assigning random numbers and organizing from the lowest random
number to the largest random number. The first one hundred and fifty path angles were
selected from the each of the twelve categories and were used for histograms of tornado
path angles moving uphill, downhill and neutral to the right and left of the terrain. The
data were also assigned into ten degree tornado path angles in the 85th and 95th
percentiles to determine if a significant feature was present. The random samples were
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also implemented with the normalized frequency bootstrap technique to determine if a
statistically significantly (α= 0.05) higher normalized frequency of tornadoes traveled
uphill, downhill or neutral to the terrain based upon the twelve categories of 30-degree
path angles and four categories of uphill, downhill, neutral path angles to the right and
left of the slope.
Problem and Alternate Methods
A potential problem with the method described above is that a large portion of the
tornadoes propagated from southwest to northeast and there were fewer than 175 events
that traveled toward the southwest. A random sample of 150 would be too small to
accurately represent the original distributions of the three largest categories (1º–30º, 31º–
60º, 61º–90º). A final alternative technique was devised to take the deciles of the dataset,
or each tenth percentile of only the first three categories, and take 15 random samples
from each of the deciles of each of the three categories. 10 selections of 15 random
samples from each decile would equal 150 random samples for each of the first 3 tornado
path directions. The same technique was implemented to choose random samples for the
each of the 15 random samples of each deciles of each of the first 3 tornado path
direction categories of tornado path angles. The last nine categories were selected
randomly with the original method. The combined deciles method random samples and
normal random samples of the tornado path angles of each of the 12 categories of tornado
paths were implemented in a normalized frequency bootstrap in only the 85th percentile
because the 95th percentile had less than 150 tornado paths in a few path categories.
Thus, the statistical methods were applied to see if any path-aspect angles are statistically
more likely.
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CHAPTER III
RESULTS
Resultant Data
The 85th percentile 3-percent slope threshold yields 91,548 path points and the
95th percentile 5-percent slope threshold yields 31,533 path points available for the
scatter plots and frequency bootstrapping of the tornado path angles. The extracted
tornado touchdowns yield 3,427 in the 85th percentile and 1,183 in the 95th percentile for
determining the aspect percentage and likelihood of tornado observance. The extracted
tornado liftoffs yield 1,198 in the 85th percentile and 398 in the 95th percentile for
determining the aspect percentage and likelihood of tornado observance. The 85th
percentile 3-percent slope threshold after removing the tornado paths from 0 to 90
degrees yields 21,084 path points and the 95th percentile, 5-percent slope threshold yields
7,044 path points. The random sampling method yields 150 points per each of the 12
categories, or 1,800 data points. There are 640,345 tornado path points and 22,833
touchdown points utilized for the surface roughness frequency histograms and bootstraps.
The surface roughness values designated for the 25th, 50th, and 75th percentiles are
0.075, 0.185, and 0.397, which are unitless, but are interpreted as an amplitude value.
Tornado Paths
Tornado path direction (Figure 12) indicates that a majority (73.6%) of the 7,924
tornado paths are oriented from southwest to northeast, likely due to the synoptic-scale
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forcing in the upper levels of the atmosphere or around the 500 hPa (Suckling and Ashley
2006).

Figure 12

Tornado path direction in study area
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The large amount of SW–NE tornado paths likely plays a role in the data
extracted and generated plots. Therefore, the data extracted were carefully scrutinized to
understand the difference between a significant statistic (α= 0.05) due to topography and
the biased number of samples of tornado path directions.
Statistical Analyses
85th Percentile Bootstraps
The 85th percentile frequency bootstrap (Figure 13) reveals that the highest
statistically significant (α= 0.05) normalized frequencies occurred in the 121–150° and 60° – (-31°) path-land angles. The categories in 30-degree increments and range from 1°
to 180° in Categories 1 through 6 then -180° to 0° in Categories 7 through 12. Categories
6 and 12 are tornado path directions moving almost directly uphill and downhill,
respectively. The 85th percentile reveals that a statistically significantly (α= 0.05) higher
number of tornadoes tracked uphill and downhill and just to the left of the slope.
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Figure 13

85th percentile bootstraps and confidence intervals of tornado path-land
angles

The four categories of tornado paths are uphill, downhill, left and right of the
slope (Figure 14). The greatest frequency of paths is moving downhill while near the
lowest frequency of paths is moving uphill.
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Figure 14

85th percentile bootstraps and confidence intervals of tornado path
movement

The random sampling method for the 85th percentile of the tornado path angle
yields a pattern similar in the 150 random samples (Figure 15) and the deciles method
(Figure 16).
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Figure 15

85th percentile bootstraps and confidence intervals of random sampling
with tornado path-land angles
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Figure 16

85th percentile bootstraps and confidence intervals of random sampling
with tornado path-land angles using deciles method

The only differences using the random sampling techniques are that the upper and
lower confidence interval limits widen due to more variability as the sample sizes of the
tornado path categories is decreased to 150 and that Categories 8 through 12 (more
downhill tornado movement) drops in normalized frequencies in the deciles method
while the first random sampling technique seems to represent the same pattern in the
original 85th percentile bootstrap in Figure 13. In Figure 15, Category 6 is significantly
(α= 0.05) lower than five categories (Category 1, 4, 8–11), but overall no categories were
discovered from the random sampling method that were significantly (α= 0.05) higher
than the full dataset. The two random sampling methods for the tornado path movement
using the 150 random samples (Figure 17) and in the deciles method (Figure 18) exhibits
a similar pattern to the normalized frequency bootstrap in Figure 14 except the neutral
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categories moving to the left and right of the terrain in Categories 3 and 4, respectively,
show higher normalized frequencies than in the original bootstrap. Figure 17 has a
highest normalized frequency of paths moving to the right while Figure 14 the lowest
normalized frequency paths moving to the right. Figure 17 has the highest normalized
frequency of paths moving to the right of the slope because taking 150 random samples
of each path direction range causes the loss of the characteristics of the normal
distribution due to a large percentage of northeast paths.

Figure 17

85th percentile bootstraps and confidence intervals of random sampling
with tornado path movement
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Figure 18

85th percentile bootstraps and confidence intervals of random sampling
with tornado path movement using deciles method

In Figures 17 and 18, Category 1 is lower than the other categories. However, no
pattern or specific direction of tornado movement was identified using the random
sampling methods in Figures 17 and 18.
95th Percentile Bootstraps
The 95th percentile frequency bootstrap (Figure 19) reveals the same pattern as
the 85th percentile (Figure 13) with the 11th category of normalized frequencies
statistically significantly (α= 0.05) higher than all the other categories of tornado path
angle while normalized frequencies are not significantly (α= 0.05) different in the 5th
category as in the Figure 13.
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Figure 19

95th percentile bootstraps and confidence intervals of tornado path-land
angles

The downhill component still has a higher amount of normalized frequencies than
the uphill and neutral categories (Figure 20) but only the uphill component is
significantly (α= 0.05) lower than the other tornado paths.
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Figure 20

95th percentile bootstraps and confidence intervals of tornado path
movement

The random sampling method for the 95th percentile of the tornado path angle
yields a similar pattern in the 150 random samples (Figure 21) as in the original 95th
percentile bootstrap (Figure 19).
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Figure 21

95th percentile bootstraps and confidence intervals of random sampling
with tornado path-land angles

The sinusoidal-wave pattern in the random sampling technique appears similar to
the 85th percentile bootstraps (Figure 13) with the peaks of highest normalized
frequencies slightly left of uphill and downhill slopes. The only differences are that
variability increases due to a much smaller sample size of 150 and larger confidence
intervals. There are a few significantly (α= 0.05) lower numbers of normalized
frequencies with the uphill movement of tornadoes in Categories 5 through 7 and a few
closer to downhill tornado paths. The random sampling with the tornado movement
(Figure 22) only indicate a very slightly higher number of tornadoes moving neutral to
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the right of the slope in Category 4 because the small sample size of such a large, biased
distribution causes a loss of characteristics due to the loss of the northeast paths.

Figure 22

95th percentile bootstraps and confidence intervals of random sampling
with tornado path movement

However, no real clear signal of large statistical influences was discovered with
the random sampling techniques in Figures 21 and 22.
The combination of 85th and 95th percentile normalized frequency bootstraps of
the tornado path angles and movements seem to represent that a higher, and at some
times statistically significant (α= 0.05), frequency of tornado paths track downhill. The
same pattern is represented in the scatter plots of the actual tornado path angles.

38

Tornado Path-Land Angle
The path-land angles were utilized in the 85th and 95th percentiles for various
statistical analyses. The 85th percentile tornado path angles (Figure 23) and 95th
percentile tornado path angles (Figure 24) indicate a very similar pattern to 85th
percentile bootstrap (Figure 13) and 95th percentile bootstrap (Figure 19) with a higher
frequency of tornadoes traveling uphill and downhill slightly to the left of the slope.

Figure 23

85th percentile of tornado path-land angle frequency
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Figure 24

95th percentile of tornado path-land angle frequency

Figures 23 and 24 seem similar to normalized frequency bootstraps of the 85th
percentile (Figure 13) and 95th percentile (Figure 19).
The second method of tornado path angles for the 85th percentile (Figure 25) and
95th percentile (Figure 26) indicate tornado path movement moving downhill to uphill, or
0 to 180 degrees. However, Figures 25 and 26 does not indicate the direction the path was
relative to the terrain, or “left” or “right”. There is a slight decreasing trend toward uphill
movement of tornadoes.
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Figure 25

85th percentile of tornado path-land angles without “left” or “right”
directional components

Figure 26

95th percentile of tornado path-land angles without “left” or “right”
directional components

Due to the large bias of northeast moving tornadoes (Figure 12), the paths from
north to east, or 0 to 90 degrees, were removed in Figures 27 and 28. Very large amounts
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of variability existed (i.e. range of frequencies from 32 to near 85) and no consistent
pattern or association were found.

Figure 27

85th percentile of tornado path-land angle frequency after northeast paths
removal

Figure 28

95th percentile of tornado path-land angle frequency after northeast paths
removal
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Tornado Touchdowns
The higher proportion, (i.e. around ten percent), of tornado touchdown aspect
percentages suggests that more tornado touchdowns occur are in east-northeast-sloping
aspects, or 60 to 90 degrees, in 85th percentile and 95th percentile (Figures 29 and 30).

Figure 29

85th percentile percentage of tornado touchdown per aspect range

Figure 30

95th percentile percentage of tornado touchdown per aspect range
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The 95th percentile (Figure 30) data suggest that an equal ten percent were
located in the west- northwest-sloping aspects, or 270 to 300 degrees. The near-equal
touchdown aspect percentage indicates there is no significant slope direction on
tornadogenesis. The likelihood of tornado observance in tornado touchdowns in the 85th
percentile (Figure 31) and 95th percentile (Figure 32) indicate no significant impact of
terrain aspect on tornadogenesis.

Figure 31

85th percentile of tornado touchdown likelihood of observance

Figure 32

95th percentile of tornado touchdown likelihood of observance
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Tornado Liftoffs
The frequency of tornado liftoff aspect percentages suggests that approximately
ten percent of tornadoes ended in the similar east-southeast-sloping aspects, or 90 to 120
degrees, and west-southwest-sloping aspects, or 240 to 270 degrees, in both the 85th
percentile (Figure 33) and 95th percentile (Figure 34).

Figure 33

85th percentile percentage of tornado liftoff per aspect range

Figure 34

95th percentile percentage of tornado liftoff per aspect range
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The tornado liftoff likelihood of observance for the 85th percentile (Figure 35)
and 95th percentile (Figure 36) data imply no significant impact on tornado dissipation.
However, the 95th percentile (Figure 36) data suggest that the tornado liftoff likelihood
of observance with the highest value of 1.27 for the aspects of 120 to 150 degrees. The
value is likely the highest due to the equal highest percentage of aspect at ten percent as
the 90 to 120 degree aspects.

Figure 35

85th percentile of tornado liftoff likelihood of observance

Figure 36

95th percentile of tornado liftoff likelihood of observance
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The frequencies seem to be skewed toward west and east sloping aspects in the
touchdown aspect percentages (Figures 29 and 30), touchdown likelihood of observance
(Figures 31 and 32), liftoff aspect percentages (Figures 33 and 34), and liftoff likelihood
of observance (Figures 35 and 36) due to the fact that a majority study area slopes
downward to the east and west.
Tornado-Path Land Angle Random Sampling
The random sampling technique of 150 tornado paths per tornado path direction
indicates that tornado paths are least likely to move uphill in the 85th percentile scatter
plot (Figure 37), 85th percentile tornado path movement in four categories (Figure 38),
and 85th percentile tornado path movement in two categories (Figure 39).

Figure 37

85th percentile with 150 random samples of tornado path-land angles in tendegree increments
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Figure 38

85th percentile with 150 random samples of tornado path movement

Figure 39

85th percentile with 150 random samples of tornado path movement
without “left” or “right” directional components

The data represent a general decline in the frequency of tornado movement occurs
in the uphill movement of tornadoes, even with a random sampling technique. The same
random sampling technique indicates with the 95th percentile scatter plot (Figure 40),
95th percentile tornado path movement in four categories (Figure 41), and 95th percentile
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tornado path movement in two categories (Figure 42) that tornadoes are less likely to
track uphill.

Figure 40

95th percentile with 150 random samples of tornado path-land angles in tendegree increments

Figure 41

95th percentile with 150 random samples of tornado path movement
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Figure 42

95th percentile with 150 random samples of tornado path movement
without “left” or “right” directional components

The only difference is the slight shift in Figure 42 to have more tornadoes moving
uphill than downhill. Even when a random sample is used, the two techniques for the
85th percentile datasets (Figures 37 to 39) and 95th percentile datasets (Figures 40 to 42)
indicate a decline of uphill-moving tornadoes.
The results are similar to the bootstrapped frequencies, which also indicate low
normalized frequencies of uphill-moving tornadoes. The analysis of the basic statistics of
dataset indicates no clear statistical association between tornado touchdowns or liftoffs
and the terrain aspect of the study area. The comparison of the normalized frequency
bootstraps to the scatter plots and histograms of the tornado movement indicated a lower
frequency of tornadoes move uphill in the extracted dataset.
Study Area Aspect Characteristics
The same pattern is hypothesized to be represented in the 85th and 95th percentile
scatter plots (Figures 23 and 24) and 85th and 95th percentile normalized frequency
bootstraps (Figures 13 and 19) due to 73.6% of tornado paths tracking from southwest to
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northeast (Figure 12). The northeast moving storms in study area would have been
moving through terrain that was sloping downward toward the Mississippi River Valley.
The northeasterly paths in the Great Plains would have been tracking over
eastward sloping aspects and moving downhill to the left of slope, or Category 11 in the
normalized frequency bootstraps, while northeast paths in the half of the study area
would have been tracking over westward sloping aspects and moving uphill to the left of
the slope, or Category 5. The aspect of the study area (Figure 43) indicates that the land
slopes toward the east and west, likely toward the Mississippi River Valley.

Figure 43

Frequency of aspect of categories of the 0.25 tornado day study area

The 85th percentile land aspect percentages (Figure 44) and 95th percentile land
aspect percentages (Figure 45) indicate that the extracted dataset mainly slopes toward
the east and west, due to the terrain features of the Great Plains and the Appalachian
Mountains, respectively.

51

Figure 44

Land aspect percentage of the 85th percentile extracted dataset

Figure 45

Land aspect percentage of the 95th percentile extracted dataset

A statistically significantly (α= 0.05) higher number of tornado paths are moving
downhill and are represented in the bootstraps and scatter plot of tornado path angles due
to the large bias of northeast paths of tornadoes. However, the bootstrap analysis shows
lower normalized frequencies of tornado paths are moving uphill.
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Study Area, Touchdown and Path Surface Roughness and Bootstraps of
Touchdown and Path Surface Roughness
Surface roughness frequency histograms of the 0.25 tornado day study area
(Figure 46), tornado touchdowns (Figures 47 and 48), and tornado paths (Figures 49 and
50) in the study region represent a gamma distribution and positively-skewed dataset with
a larger area of the study area and numbers of tornado touchdowns and path points of a
much smoother, or flat, terrain.

Figure 46

Frequency of surface roughness across study area
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Figure 47

Tornado touchdown surface roughness

Figure 48

Tornado touchdown surface roughness percentage based on percentiles
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Figure 49

Tornado path surface roughness

Figure 50

Tornado path surface roughness percentage based on percentiles

The 25th, 50th and 75th percentile values of categories of flatter terrain, or up to
the 25th percentile, (Figures 48 and 50), were predominant in both the tornado
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touchdowns and tornado paths. The smooth terrain looks more likely for tornado
touchdowns and paths than rough terrain (i.e., 75th percentile). The positively-skewed
results toward smooth terrain continue to indicate a decreasing likelihood of tornadoes in
rough terrain.
Figures 46–52 signify that a majority of tornado touchdowns and paths are in flat
terrain. The histograms show that tornadogenesis and tornado paths are favored in flat,
smooth terrain and that topographical influences have a limited statistically significant
(α= 0.05) impact on the spatial distribution of tornadoes. The normalized frequency
bootstraps of the tornado touchdown and surface roughness in Figures 51 and 52 exhibit
similar patterns as Figures 48 and 50.

Figure 51

Surface roughness frequency bootstraps and confidence intervals of
tornado touchdowns
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Figure 52

Surface roughness frequency bootstraps and confidence intervals of
tornado paths

The tornado touchdowns in Figure 51 show the highest normalized frequency
occurs in the first category in flatter terrain while the lowest normalized frequency occurs
in the last category in rough terrain. Figure 52 shows a statistically significant (α= 0.05)
decrease of normalized frequencies between each of the four categories of surface
roughness along the tornado paths. The highest normalized frequency is in the first
category, up to the 25th percentile value. The lowest frequency is in the last category,
from 75th percentile to the roughest terrain.
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CHAPTER IV
CONCLUSIONS
Tornado distribution throughout the United States has been a widely researched
topic. Limited research, however, has been conducted on tornado distribution and a
possible association to terrain features, such as slope, aspect and surface roughness.
Previous research, including Bosart et al. (2004), Peckham et al. (2004), Passe-Smith
(2008), Szoke et al. (2006), and Schneider (2009), has been primarily focused on specific,
local topographical features and individual tornado events. This study is among the first
to assess terrain influences on tornado distributions across a large area with frequent
tornado activity. Topographical information was extracted along the tornado touchdowns,
liftoffs and paths from slope, aspect and surface roughness maps. Analyses of tornado
touchdowns, liftoffs, paths, and path angles were completed through using scatter plots
and histograms of pertinent data. The normalized frequency bootstrapping technique was
utilized with the tornado path angles and tornado touchdowns in the slope threshold
aspect map and percentile surface roughness map.
The 85th and 95th percentiles of the tornado touchdown liftoff aspect percentages
(Figures 29 and 30), likelihood of tornado touchdown observance (Figures 31 and 32),
tornado liftoff aspect percentages (Figures 33 and 34), and likelihood of tornado liftoff
observance (Figures 35 and 36) all indicated little statistical association between terrain
aspect and tornadogenesis and dissipation. The only patterns discovered are higher
percentages of tornado touchdowns of the 85th percentile on the east-sloping terrain
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(Figure 29) and higher percentages of tornado liftoffs of the 85th percentile (Figure 33),
tornado touchdowns of the 95th percentile (Figure 35) and tornado liftoffs of the 95th
percentile (Figure 34) on east and west-sloping terrain of the study area. The likelihood
of tornado touchdown observance for the 85th and 95th percentiles (Figures 31 and 32)
and liftoff observance for the 85th and 95th percentiles (Figures 35 and 36) do not
indicate a large statistical difference in the likelihood of tornado beginning and ending
points in each terrain aspect range. The highest likelihood is for the 95th percentile
likelihood of tornado liftoff observance (Figure 34) was 1.27 in the 120 to 150 degrees
aspect, which is an equally high aspect percentage from tornado liftoffs. The same pattern
is represented in the 85th percentile (Figure 23) and 95th percentile (Figure 24) of the
tornado path angles. The 85th percentile (Figure 25) and 95th percentile (Figure 26)
indicate that a trend of decreasing frequency of tornadoes moved uphill. The removal of
the northeast paths in the 85th percentile (Figure 27) and 95th percentile (Figure 28)
indicate large variability and no distinct pattern or topographical association to tornado
path movement.
The same pattern is indicated in each of the normalized frequency bootstraps of
the 85th percentile (Figure 13) and 95th percentile (Figure 19). A statistically significant
(α= 0.05) number of tornadoes do not move uphill but travel downhill (Categories 1 and
2, respectively) in the study area in Figure 13 and Figure 19. Random sampling
techniques were implemented, using the 150 random samples and deciles method on 85th
percentile tornado path angles (Figures 15 and 16), 85th percentile tornado movement
(Figures 17 and 18), 95th percentile random samples of tornado path angles (Figure 21),
and 95th percentile random samples of tornado path movement (Figure 22). The random
sampling bootstraps indicate similar patterns as exhibited by the regular normalized
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frequency bootstraps in Figures 13 and 19. The random sampling techniques with basic
statistical analyses on the 85th percentile (Figures 37 to 39) and 95th percentile (Figures
40 to 42) also indicate a lower likelihood of uphill-moving tornadoes. The lowest
normalized frequencies are with uphill-moving tornadoes.
The pattern of a tornado traveling uphill or downhill would likely have been in the
eastward-sloping Great Plains and westward-sloping Appalachian Mountains as these
two areas slope into the Mississippi River Valley (Figures 44 and 45) and a large
percentage, or 73.6%, of tornado paths traveled to the northeast (Figure 12), which are
just to the left of the slope. The large percentage of northeast paths cause the scatter plots,
histograms and normalized frequency bootstraps to have higher and lower statistically
significant (α= 0.05) frequencies of tornado path angles traveling uphill and downhill,
respectively. Due to the bias, the terrain regions (Great Plains and Appalachians) seem to
be represented in the sinusoidal-wave pattern and not a statistically significant (α= 0.05)
feature on tornado paths, such the terrain aspect.
The low frequencies of uphill-traveling tornadoes were a recurring pattern in the
85th and 95th normalized frequency bootstraps, random sample bootstraps and scatter
plots and histograms of tornado path angles. Tornado path direction appear to be
“preferred” toward traveling downhill; however, the bias of northeast paths represent the
idea that there is not a “preference” toward downhill but that tornadoes are less likely to
move uphill. The surface roughness frequency histograms of the study area (Figure 46),
tornado touchdowns (Figures 47 and 48), tornado paths (Figures 49 and 50), normalized
frequency bootstraps of touchdowns (Figure 51) and paths (Figure 52) indicate
positively-skewed dataset toward flat-surfaces, not rough terrain. The decreasing
statistical significance in both the bootstrap normalized frequencies in tornado
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touchdowns and paths in Figure 51 and Figure 52 indicate that tornadogenesis and
tornado paths are more likely in smooth, or flat, terrain.
Discussion
The influence of the slope of the terrain toward the Mississippi River Valley
seems to have an influence on the results found in the bootstraps. The pattern of a higher
frequency of tornado paths slightly to left of uphill and downhill slopes is found in all of
the bootstraps of the tornado path-land angles. There is also a higher frequency of paths
slightly to the left of downhill slopes than uphill slopes in the tornado path-land angles
and tornado path movements. The histograms and scatter plots of the tornado path-land
angles exhibit a similar pattern that a lower frequency of tornado paths move uphill rather
than downhill. The northeast path bias exhibits that the idea that a “preference” does not
exist but an uphill tornado path is less likely. The positively-skewed dataset, touchdowns
and paths in smooth terrain in the histograms and bootstraps, exhibits that a tornado is
more likely in smooth terrain. The tornado touchdowns and liftoffs likelihood of
observance do not indicate a preferred aspect direction for tornadogenesis or weakening.
The results of this study indicate that tornado paths are less likely to travel uphill
and either form or track in rough terrain and slope direction does not influence
tornadogenesis or dissipation. Previous researchers found that topography enhances
tornadogenesis likelihood and intensity and creates favorable parameters for tornadoes
while the results of this study show topography is not as important of a feature. The
results of this study differs from previous research, such as Bosart et al. (2004), Coleman
(2009), and Schneider (2009), because this study focuses on a large-scale region rather
than specific tornado events. The selection of the large-scale topographical region does
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not have a large influence on tornadoes (i.e. tornadogenesis and dissipation and tornado
paths). The data could influence the outcome because the horizontal resolution of 100-m
and vertical accuracy errors of ± 7-m, are not high enough resolution to accurately
portray all topographical features present and the vertical accuracy could influence the
created raster grids (i.e. slope, aspect and surface roughness). The horizontal and vertical
accuracy and large-scale of the study region could cause the statistical significance of
topography to be lower than results found in previous literature. The results of this study
are important to the meteorological community because previous research exhibit the
idea that topography influences tornadogenesis and intensity and possibly spatial tornado
distribution. However, the findings indicate that on a large-scale, topography has a small
effect on tornadoes. The results are significant because the idea that an area is safe from a
tornado, due to a surrounding terrain, is inaccurate because all topographical regions (i.e.
smooth or rough) are at risk for being impacted by tornadoes.
Through geospatial analysis, basic and advanced statistical analysis, such as the
bootstrapping technique, pertinent terrain information was analyzed for the tornado
touchdowns and paths in the 0.25 tornado day study area. Previous researchers had
proposed the idea that topography could have had an impact on tornado spatial
distribution. However, the topography of the study area seems to have a minute
association on the spatial distribution of tornadoes and more complex terrain may
actually inhibit the likelihood of tornadogenesis and tornado paths.
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